Objective: Steroid hormones (estradiol and progesterone) in association with prolactin and growth hormone are involved in lobulo alveolar development of the mammary gland during pregnancy. We hypothesized that the BRCA1 gene may be induced by these different hormones. Methods and Results: In this study, we have demonstrated by Northern blot and in situ hybridization, that the expression of ovine (o) BRCA1 mRNA in mammary epithelial cells increased dramatically during a short period in the second half of pregnancy (days 70 to 112) and decreased at the end of pregnancy. The increase in oBRCA1 mRNA expression is concomitant with rapid lobulo alveolar growth. Using an in vivo protocol to arti®cially induce mammary gland development, we demonstrated by the real-time RT-PCR method that growth hormone in association with estrogen, progesterone and hydrocortisone induces an increase of BRCA1 mRNA expression in the ewe mammary gland. Moreover, we showed that estradiol and progesterone induce oBRCA1 expression in primary cultures of ewe mammary gland. Conclusions: These results suggest that BRCA1 is a potential regulator of the effects of steroid hormones and growth hormone in the induction of mammary epithelial cell proliferation.
Introduction
Hormones of pituitary and ovarian origins, including estrogen, progesterone, prolactin (PRL) and growth hormone (GH), play an important role in the control of normal and breast tumor cell proliferation (1) . However, during mammary gland growth, the speci®c genes induced by these hormones have not been completely identi®ed. BRCA1 is the breast and ovarian cancer susceptibility gene (2) . Women carrying germline mutations in the BRCA1 gene present a markedly elevated risk of breast and ovarian cancers. This observation strongly suggests that the BRCA1 gene may play a critical role in the regulation of mammary gland growth. To support this hypothesis, different studies indicate that the murine BRCA1 gene is involved in tissue proliferation and differentiation (3± 7). BRCA1 acts on normal growth and development of embryonic cells; the nullizygous mouse models developed have shown abnormalities in cellular proliferation as well as early embryonic lethality (8±9). Moreover, BRCA1 is expressed in all tissues of the developing mouse, particularly those that are rapidly proliferating and undergoing differentiation (3, 4, 6, 7) . More speci®cally, in the mouse mammary gland, the expression of BRCA1 message is up-regulated during puberty and pregnancy (3, 4, 6, 7) . The positive correlation between BRCA1 expression and cellular proliferation may be explained by in vitro studies showing that this gene is regulated in a cell cycle-dependent fashion, with a progressive increase in BRCA1 mRNA levels during G1 reaching maximal levels at the G1/S transition (5, 11) . It has been shown that BRCA1 activates transcription of the cell-cycle regulator cyclin-dependent kinase (CDK)-inhibitor p21 waf1/CiP1 (12) . All these studies suggest that up-regulation of BRCA1 represents a feedback mechanism in rapidly proliferating cells. In vitro studies have demonstrated that estrogen stimulates BRCA1 mRNA expression in human breast cancer cell lines and is correlated with cell proliferation (13± 16). In ovariectomized mice, the level of BRCA1 transcript is increased by estrogen plus progesterone treatment (4, 6) . However, no similar studies have been performed to analyze the effect of peptide hormones such as PRL and GH, known to be implicated in the growth of the mammary gland during pregnancy.
Considering all these studies, we hypothesized that the BRCA1 gene could be potentially regulated by PRL and GH during mammary gland development. Therefore, by Northern blot analysis and in situ hybridization, we investigated the spatial and temporal pattern during pregnancy and lactation of BRCA1 mRNA expression in the ewe mammary gland. In order to examine the hormonal regulation of BRCA1 gene expression, mammary gland growth and differentiation were arti®cially induced by hormonal treatments associating steroids (estradiol, progesterone, hydrocortisone) and ovine GH (oGH) or ovine placental lactogen (oPL). The levels of BRCA1 mRNA were quanti®ed by the real-time RT-PCR method in the different groups of ewe treated with these peptide hormones. Moreover, using real-time RT-PCR, we analyzed the effects of these hormones on BRCA1 mRNA levels in primary cultures of ewe mammary gland.
Materials and methods

Animals
Virgin ewes of the Pre Âalpes du Sud breed were used in all experiments. Estrus was synchronized using intravaginal sponges containing 40 mg 9a-¯uoro-17a-acetoxy-9a-¯uoro 11b-hydroxyprogesterone for 14 days (Intervet, Angers, France).
In order to determine the BRCA1 gene expression pro®le during mammary gland development, this tissue was collected from 2 or 3 primiparous ewes on days 15, 70, 112 and 141 of pregnancy and on day 3 of lactation.
For hormonal treatment experiments, ewes were divided into 5 experimental groups, each consisting of 3 virgin ewes. Group 1 received s.c. injections of 0.5 mg/ kg estradiol (Roussel-UCLAF, Romainville, France) and 1.25 mg/kg progesterone (Roussel-UCLAF) twice daily for the ®rst 7 consecutive days and received 1 mg/kg hydrocortisone acetate (Roussel-UCLAF) i.m. twice daily from days 18 to 20 of the experiment. In groups 2 and 4, the ewes were treated as in group 1 and received, respectively, oGH (0.18 mg/kg) or oPL (0.4 mg/kg) i.m. twice daily from days 11 to 20. To study the role of oPRL, groups 3 and 5 received the same treatment as groups 2 and 4 together with bromocryptine during the 20 days of the experiment. The recombinant hormones oGH and oPL were a generous gift from Prof. A Gertler (The Hebrew University of Jerusalem, Rehovot, Israel).
Ex vivo culture of mammary acini
Ewe mammary gland at day 106 of pregnancy was collected, cut into small pieces and washed in a solution of 1ÂEBSS (Earle's balanced salts; Gibco BRL-Life Technologies, Cergy Pontoise, France) containing 3% sodium bicarbonate, 1% penicillin (Gibco BRL), 1% streptomycin (Gibco BRL) and 0.1% gentamicin (Gibco BRL). The pieces of mammary gland were digested at 37 8C with 200 U type III collagenase (Sigma, Saint Quentin Fallavier, France) and type III hyaluronidase (Sigma). A DNase I treatment (Boehringer Mannheim, Meylan, France) was performed for 30 min at 37 8C. Mammary acini were ®ltered and washed with 1ÂEBSS. After centrifugation, acini were grown in DMEM-HAM F12 medium containing 2% ultroser (Biosepra, Cergy Pontoise, France), 1% glutamine (Gibco BRL), 1% penicillin (Gibco BRL), 1% streptomycin (Gibco BRL) and 0.1% gentamicin (Gibco BRL). This method allows us to obtain a 90% pure preparation of mammary epithelial cells. Cells were incubated with 100 pg/ml estradiol or 1 mg/ml progesterone for 24 and 48 h.
Cloning of ovine BRCA1 cDNA
RT-PCR was used to amplify a speci®c fragment of the ovine BRCA1 cDNA. RT-PCR was performed as previously described (17) using 3 mg total mRNA of ovine mammary gland, and human oligonucleotide primers chosen according to the human exon 11 cDNA sequence (2). The sense primer 5
H -CAACATAACA-GATGGGCTGGAAG-3 H (nucleotides 1067±1090) and the antisense primer 5 H -TGTGAGGGGACGCTCTTG-3 H (nucleotides 1597±1616) were used to amplify a 549 bp fragment. The PCR fragment was subcloned into the pGEM-T cloning vector (Promega, Lyon, France) and sequenced by automated DNA sequencing (Applied Biosystems, Foster City, CA, USA). The nucleotide sequence of the ovine BRCA1 cDNA was 80% identical to that of the human BRCA1 cDNA. This speci®c fragment was used as a probe for Northern blot analysis and in situ hybridization.
RNA extraction and Northern blot analysis
Total RNAs were prepared by the guanidinium isothiocyanate/phenol method, as described by Chomczynski and Sacchi and modi®ed by Puissant and Houdebine (18) . Twenty micrograms total RNA were electrophoresed on a 1.5% agarose/formaldehyde gel and transferred to a Zeta-probe membrane (BioRad, Ivrysur-Seine, France). Membranes were prehybridized and hybridized at 65 8C in 0.5 mol/l sodium dihydrogenophosphate pH 7.2, 7% SDS, 1 mmol/l EDTA, 0.5% nonfat dry milk and 3Â10 6 c.p.m./ml of a random hexamer 32 P-dCTP-labelled oBRCA1 probe. Blots were washed in 4ÂSSC, 0.5% SDS at 65 8C. Signals on the autoradiographs were scanned with a STORM-860 machine (Molecular Dynamics, Bondou¯e, France).
Real-time quantitative one-step RT-PCR
The real-time quantitative PCR method is based on the use of the 5 H nuclease assay described by Holland et al. (19) . This method measures PCR product accumulation at each cycle through a dual-labeled¯uorogenic probe (TaqMan probe, Perkin Elmer). One¯uorescent dye linked to the 5 H end of the probe oligonucleotide is used as a reporter (FAM (6-carboxy¯uorescein)); its emission is quenched by a second¯uorescent dye linked to the 3 H end (TAMRA (6-carboxy-tetramethylrhodamine)). During the extension phase of the PCR cycle, thē uorescent hybridization probe is cleaved by the 5 H nuclease activity of the Taq polymerase. The nuclease degradation of the probe releases the quenching of FAM¯uorescent emission, resulting in an increase in peak¯uorescence emission. The parameter Ct is de®ned as the cycle number at which the¯uorescence generated by cleavage of the probe exceeds a threshold limit (10 times the standard deviation of the base line). Thus, the BRCA1 gene copy number in the mammary gland was quanti®ed by measuring Ct and by using a standard curve to determine copy number in the sample. Standard curve construction RNAs were synthesized with the Promega in vitro transcription system using Sp6 RNA polymerase promoters of a linearized pGEM-T vector containing a 544 bp fragment of the human exon 11 oBRCA1 cDNA corresponding to nucleotides 1067/1616. After a DNase I treatment, RNAs were quanti®ed by optic density. The standard curve used for real-time quantitative RT-PCR was performed on dilution of 100 pg to 0.001 pg RNA pool.
RT-PCR ampli®cation
Primers and¯uorogenic probe The oligonucleotides and probe sequences were chosen according to the fragment of oBRCA1 cDNA characterized in this study. 
In situ hybridization
An in situ hybridization (ISH) procedure was performed as described previously (20) using antisense and sense RNA probes speci®c for the oBRCA1 nucleotide sequence. The riboprobes were transcribed using T7 or Sp6 RNA polymerase (Gibco BRL-Life Technologies) and labeled with [a-
35 S]UTP (1000 Ci/mmol, Amersham Pharmacia Biotech, Orsay, France). Labeled sense probe was used as a negative control for ISH. Sections were hybridized with 2Â10 6 c.p.m./ml antisense or sense probe overnight at 55 8C. Slides were dehydrated through graded concentrations of ethanol and air dried prior to dipping in photo-emulsion (NTB2, Kodak). Slides were developed for 15 days and analyzed by bright-and dark-®eld microscopy using a Leica microscope.
Results
Cloning of the ovine BRCA1 cDNA probe
A speci®c fragment of the oBRCA1 cDNA was isolated by RT-PCR using ewe mammary gland at 106 days of pregnancy and oligonucleotide primers located in exon 11 of the human BRCA1 gene. The size of the ampli®ed fragment was 544 bp The nucleotide sequence of oBRCA1 revealed 80% and 71% identity to the published sequences of human and mouse BRCA1 cDNA respectively (2, 21) . This oBRCA1-exon 11 probe was used for our hybridization experiments.
Expression of the ovine BRCA1 transcript during pregnancy and lactation
The spatial and temporal pattern of oBRCA1 mRNA expression during pregnancy and lactation was examined by Northern blot and in situ hybridization in the ewe mammary gland. As shown in Fig. 1 , a single transcript of approximately 7.5 kb was observed in the ovine mammary gland at all stages of pregnancy studied. The oBRCA1 mRNA expression level was low at the beginning of pregnancy, increased at day 112 of pregnancy and decreased at the end of pregnancy (day 141). No oBRCA1 transcript was detected during lactation. The 18S rRNA was used as a standard for Northern blot analysis (Fig. 1) .
To identify the mammary gland cell types expressing oBRCA1 mRNA, in situ hybridization analysis was carried out on mammary gland tissue sections obtained on days 15, 70, and 112 of pregnancy and on day 3 of lactation using the 35 S-labeled antisense oBRCA1-exon 11 probe. Control tissue sections treated with the 35 S-labeled sense probe (Fig. 2, I , J) exhibited no speci®c signal, further demonstrating the speci®city of the reaction. The oBRCA1 transcript expression was predominantly detected in the mammary epithelial cells (Fig. 2, A±F) . In addition, BRCA1 mRNA was slightly expressed in the mammary stroma, particularly in the stromal portion adjacent to the epithelial cells (Fig. 2, E, F) . Moreover, this experiment con®rmed the pattern of oBRCA1 expression observed by Northern blot analysis during the second half of pregnancy (Fig. 2) . Indeed, oBRCA1 expression was detectable in the middle of pregnancy (day 70; Fig. 2, C, D) . At day 112 of pregnancy, the oBRCA1 mRNA expression was increased dramatically in the alveolar epithelial cells (Fig. 2, E, F) . No signal was observed in the mammary gland at day 15 of pregnancy ( Fig. 2, A, B) and at day 3 of lactation ( Fig. 2, G, H) .
Hormonal regulation of BRCA1 expression
The observation that BRCA1 mRNA levels were upregulated during pregnancy suggested that the expression of this gene may be modulated directly or indirectly by ovarian hormones and peptides hormones such as GH or PRL known to act during mammary gland development. Also, during pregnancy the plasma levels of oPL are very high. Recently, we have demonstrated that this placental hormone has a mammogenic effect (22) in the ewe. In order to study the in vivo effects of these different hormones on oBRCA1 expression, ewes were treated with these hormones following the experimental procedure previously described (see Materials and methods). The procedure allows the arti®cial induction of mammary gland growth and differentiation. For each animal, the oBRCA1 mRNA expression level was determined by real-time one-step RT-PCR and normalized to the ovine GAPDH expression (oGAPDH) level (Fig. 3) . Speci®city of the ampli®ed PCR products was con®rmed by Southern blot analysis using the oBRCA1-exon 11 probe (data not shown). Subsequent sequencing of the 154 bp fragment revealed 100% identity to the BRCA1 nucleotide sequence described in this study (data not shown). By comparison with the group treated with estradiol, progesterone and hydrocortisone (group 1), the level of oBRCA1 mRNA was strongly increased by oGH treatment (group 2). In contrast, treatment with oPL had no detectable effect on the level of oBRCA1 mRNA expression (group 4). To analyze the role of PRL secretion on the oBRCA1 gene expression, the ewes of groups 2 and 4 received an additional treatment with bromocryptine (groups 3 and 5). This treatment inhibits pituitary PRL secretion. The oBRCA1 mRNA levels in ewes treated with oGH (group 2) and oPL (group 4) were not signi®cantly different from those observed in the groups of ewes treated with bromocryptine (groups 3 and 5).
Previous studies indicated that BRCA1 mRNA expression is stimulated by estrogen or progesterone treatment in human mammary gland cell lines (13± 16) and in ovariectomized animals (4, 6) . These results prompted us to examine the effects of ovarian steroid hormones on BRCA1 mRNA expression in primary culture of ovine mammary gland. Again, BRCA1 expression was quanti®ed by real-time RT-PCR and normalized to oGAPDH expression (Fig. 4 ) After 24 and 48 h of culture, oBRCA1 mRNA levels were high in response to estrogen alone and increased slightly in response to progesterone alone. By comparison, the induction of oBRCA1 mRNA expression after estrogen and progesterone treatment was neither synergistic nor completely antagonistic. Moreover, the up-regulation of BRCA1 mRNA expression in mammary gland cells treated with estrogen or/and progesterone reached maximal levels after 24 h of cell culture.
Discussion
Previous investigations have studied the temporal pattern of BRCA1 mRNA expression in the mouse mammary gland during pregnancy and lactation. However, no similar studies have been reported in an animal model having a longer pregnancy duration; such studies would allow a more precise analysis of the pattern of BRCA1 gene expression during mammary gland development. Northern blot analysis revealed that in ewe mammary gland an approximately 7.5 kb transcript was detected at all stages of pregnancy examined, consistent with previous results obtained in human and mouse mammary glands (2, 21) . As demonstrated by Northern blot and by in situ hybridization analysis, we found that the level of BRCA1 Figure 1 Northern blot analysis of oBRCA1 mRNA expression in ovine mammary gland during pregnancy (P) and lactation (L). Twenty micrograms total RNA were electrophoresed, transferred to a blotting membrane, and hybridized with a radiolabeled oBRCA1-exon 11 probe (upper panel). The membrane was stripped and reprobed with a mouse a- 
www.eje.org mRNA was dramatically increased during a short period in the second half of pregnancy (days 70 to 112) with a maximal expression level around day 112. Interestingly, this pattern of oBRCA1 gene expression is correlated with the intensity of the growth of the alveolar tissue. Indeed, the maximal expression level of the oBRCA1 gene is correlated with an important increase of DNA synthesis observed in ewe mammary gland (23) . This result suggests that BRCA1 gene expression is up-regulated during active cell proliferation and may be involved in its control. In vitro studies have previously demonstrated that BRCA1 mRNA expression is induced in rapidly proliferating cells and down-regulated in quiescent cells (5) . During the cell cycle, BRCA1 mRNA and protein levels increase progressively during the G1 phase to reach maximal levels at the G1/S transition (before DNA synthesis) (11, 24) . Moreover, BRCA1 activates transcription of the cyclin-dependent kinase inhibitor p21 waf1/CiP1 , inducing cell cycle arrest (12, 25, 26) , suggesting that BRCA1 negatively regulates proliferation in mammary epithelial cells. In addition, it has previously been demonstrated, in breast cells, that the antisensemediated reduction in BRCA1 expression induces an increase in cellular proliferation (27, 28) and that overexpression of BRCA1 inhibits cellular growth (29) . All these studies argue for the existence of a regulatory loop in which cell proliferation induces BRCA1 expression which, by a feedback mechanism, negatively regulates proliferation of these cells.
Recent reports have demonstrated that BRCA1 interacts with Rad 51, a homolog of Escherichia coli RecA, known to be involved in double-strand breakrepair (30, 31) . Thus, the induction of BRCA1 expression in actively growing cells may activate DNA damage repair pathways to prevent genomic damage during rapid cell proliferation. This observation raises the possibility that the induction of BRCA1 expression may be a protective response to possible DNA damage during active cell proliferation in the mammary gland.
In the mammary gland, the observation that BRCA1 mRNA levels are increased in developing alveoli suggests that oBRCA1 gene expression may be regulated by mammogenic hormones (ovarian and pituitary hormones and placental lactogen). Using an in vivo experimental protocol reproducing the induction of mammary gland development, we have demonstrated that GH treatment induces an increase of BRCA1 mRNA levels in the ewe mammary gland (group 2). Although GH plasma levels are unchanged during pregnancy, different studies have shown that this hormone stimulates mammary gland growth. It has been clearly demonstrated that the administration of oGH to virgin ewes, in combination with estrogen/ progesterone and hydrocortisone treatment, induces DNA synthesis in mammary gland (22) . In addition, the stimulation of oGH release by human growth hormone releasing factor strongly induces mammogenesis in virgin ewes (32, 33) and an increase in plasma levels of insulin-like growth factor-I (IGF-I). In the mammary gland, the mitogenic effect of GH is probably mediated indirectly via IGF-I production. We analyzed IGF-I levels in the different groups of animals and we found that GH treatment induces a marked increase in IGF-I plasma levels (data not shown). These data strongly suggest that the induction of BRCA1 gene expression by GH treatment may be mediated by IGF-I. In agreement with this hypothesis, in vitro studies have shown that IGF-I stimulates BRCA1 mRNA expression in the MCF-7 tumoral breast cell line (15) .
It cannot be excluded that the up-regulation of BRCA1 expression by GH, as described in this study, was partially due to a direct stimulatory effect on the transcription of the BRCA1 gene in the mammary epithelial cells. However, several studies have shown that BRCA1 gene transcription induced by estrogen or growth factors (such as IGF-I) is in fact a consequence of the mitogenic activity of these hormones in the mammary gland growth and is not a direct effect (13, 15, 16) .
Previous studies performed in vitro and in vivo have demonstrated that estrogen and progesterone stimulate BRCA1 gene expression (4, 6, 13±15) . In primary cultures of ewe mammary gland, BRCA1 gene expression was increased by estrogen or progesterone. We cannot exclude the possibility that the basal level of BRCA1 expression may be increased by the presence of phenol red in the culture medium, due to its estrogenic activity. These results support the idea that the increase of BRCA1 mRNA levels is one of the general consequences of cell proliferation induced by estrogen and/or progesterone. Surprisingly, oPL treatment had no effect on the expression of oBRCA1. Although this hormone has a mammogenic effect, it does not stimulate IGF-I production (22) . oPL is also involved in the differentiation of mammary epithelial cells, a period when oBRCA1 mRNA levels decrease dramatically.
In conclusion, BRCA1 gene expression is up-regulated in the ewe mammary gland during the ®rst half of pregnancy and is associated with intensive cellular proliferation in response to mammogenic hormones. The stimulation of BRCA1 gene expression may represent a crucial event to avoid DNA damage during intense cell proliferation and, in this way, it may be necessary for harmonious lobulo alveolar development of the mammary gland during pregnancy.
